Background: Genome-wide association studies have identified polymorphisms associated with breast cancer subtypes and across multiple population subgroups; however, few studies to date have applied linkage analysis to other population groups.
Introduction
Breast cancer is a complex phenotype that is known to display disparities according to race; in particular, African Americans are known to have higher premenopausal breast cancer incidence, and overall higher breast cancer mortality, compared with European Americans (1) . Despite linkage analyses published decades ago for European American pedigrees (2) (3) (4) (5) and numerous genome-wide association studies (GWAS) for the breast cancer phenotype (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) and more homogeneous breast cancer subtypes (16) (17) (18) (19) (20) (21) , and in different population groups (22) (23) (24) , family-based linkage approaches have not been attempted, specifically in African Americans. Linkage analysis is a powerful tool for identifying the presence of novel loci for both Mendelian and complex diseases and phenotypes; several successes have been reported for colon (25) , prostate (26) , and lung cancers (27) .
It is recognized that difficulties exist in recruitment of minorities for genetic research, and existing family-based data are limited. The Jewels in Our Genes study began in 2009 for the sole purpose of conducting linkage analysis in African American pedigrees to search for novel breast cancer loci. Using this resource, we conducted the first breast cancer genome-wide linkage analysis in African Americans.
Materials and Methods

Recruitment and study approval
Recruitment was focused primarily on sibling pairs that were both concordant and discordant for invasive breast cancer and as well as affected relative pairs (sibling, avuncular, grandparental, first cousin). In addition to recruiting women locally from Buffalo, participants were recruited via a partnership with the National Witness Project, nationally at conferences and via the Love Army of Women, and partnerships with investigators from existing epidemiologic studies (28) . The Jewels in Our Genes study was approved by the University at Buffalo Health Sciences Institutional Review Board (IRB). Our collaborators also obtained IRB approvals to make further contact with previous participants, when necessary. Women who were interested and eligible were mailed out a packet containing the informed consent and HIPAA forms, study questionnaire, medical records consent, and an Oragene saliva collection kit (DNA Genotek). We obtained medical records to adjudicate date of diagnosis, invasive breast cancer diagnosis, and tumor characteristics where available. quality control of DNA samples and automated preparation of Affymetrix Axiom Genome-Wide AFR (Admixed population of West African and European ancestry) SNP microarrays (Affymetrix), was performed at Rutgers Environmental and Occupational Health Sciences Institute (Piscataway, New Jersey). Twenty individuals with a dish quality control (QC) < 0.82 were dropped from the analysis, as well as one sample with a dish QC of 0.828 and a call rate of 96.97%, for a total of 21 (6.4%) individuals who were excluded; this resulted in loss of 13 pedigrees. Average heterozygosity was calculated by individual for all SNPs; all values ranged from 0.199 to 0.245; therefore, no individuals were dropped from the analysis. Sex checks were all consistent with reports.
Preparation of SNPs for linkage and pedigree QC
We limited SNPs to those conforming to Hardy-Weinberg proportions (P > 0.05) with a call rate !99%, and as much as possible with minor allele frequency (MAF) !0.40. After thinning the SNPs to at least 0.33 cM apart, we added SNPs with smaller MAF, whenever possible, so that SNPs were not more than 0.67 cM apart. We thus prepared a panel of 8,261 SNPs for linkage analysis, 97% of which had MAF ! 0.40 (see Fig. 1 ). We then ran S.A.G.E. RELTEST and MARKERINFO (29) to look for relationship errors and marker inconsistencies; we corrected pedigree relationships as appropriate.
Preparation of genetic map file
We generated a genetic map file by using the genetic map for African Americans that was built by Hinch and colleagues (30) based on about 2.1 million cross-overs in 30,000 unrelated African Americans.
Identity-by-descent estimation
We estimated founder marker allele frequencies from all the pedigree members by maximum likelihood for all the SNPs to be used for linkage using FREQ (29) . Multipoint exact identity-bydescent (IBD) sharing for every pair of relatives was estimated by GENIBD (29) by calculating the likelihood of each inheritance vector at multiple markers to generate IBD distributions.
Ancestry estimation
To obtain population ancestry estimates, we selected 16,697 ancestry informative markers (AIM) that had allele frequency differences >0.5 between the HapMap samples of Utah residents with ancestry from northern and western Europe (CEU) and Yoruba (YRI); among them, 1,440 were in linkage equilibrium (r 2 < 0.004). We evaluated linkage disequilibrium within a window of 10 SNPs, shifting the window five SNPs at each step. To assess what number of ancestral populations is appropriate in our sample, we selected 111 unrelated individuals from the pedigrees and ran STRUCTURE for 1, 2, 3, 4, and 5 groups (31) with the 1,440 AIMs in linkage equilibrium, and assessed where À2ln likelihood of these models plateaued; based on previous analyses of African Americans, we expected that two groups would be sufficient (i.e., European and African).
Global ancestry for each individual was estimated using SNP weights (32) , which infers ancestry proportions using genomewide SNP weights that are precomputed from external reference panels (Hapmap 3 unrelated ancestry populations). The SNP weights were used to predict principal components (PC) for the target admixed samples and from them ancestry proportions were estimated for both related and unrelated individuals. The global African ancestry proportion for each genotyped individual was estimated using the genome-wide 131,274 SNPs that are common to both our data and the SNPs used by SNP weights, and these estimates were used to adjust for ancestry in linkage analyses.
Model-free linkage analysis
We performed sibpair model-free linkage analysis using SIB-PAL, both the original Haseman-Elston regression and W4 regression using the best linear unbiased predictor (BLUP) of the sibship mean (29, 33) . P values <0.05 of the statistic were evaluated by up to 1,000,000 permutation replicates. Using SIBPAL, we performed linkage analysis without the inclusion of any covariates, and with age or date of birth (DOB) and global ancestry as pair-specific covariates, each taken to be the sibpair difference, the sibpair sum, or both the sibpair sum and the difference. We considered permutation Àlog 10 P values !4 (equivalent to LOD ! 3) as suggestive for linkage significance for our all of our model-free linkage analyses.
We also applied regression-based model-free two-level Haseman-Elston linkage analyses for the breast cancer phenotype using RELPAL (34, 35) , which also models trait data from relative pairs as a function of marker allele sharing IBD, but allows for adjusting for covariates at the individual level. This analysis included 180 affected relative pairs. At the first level, individual level global ancestry and age or DOB were used as covariates. All individuals are used at the first level; all pairs of relatives are used at the second level linkage analysis. We estimated empirical P values with up to 1,000,000 permutations. Linkage significance was evaluated using the IBD variance, the robust sandwich variance, and the alternative variance. 
Results
Of the 127 African American families recruited to the study (n ¼ 341 women), 281 women (197 affected, 84 unaffected) from 106 families were selected for genotyping based on informativeness. Twenty-seven pedigrees had one affected, 68 pedigrees had 2, and 10 pedigrees had 3 affected individuals.
Our analyses suggest that our data best fit two ancestry groups ( Supplementary Fig. S1 ). The average AE SD African proportion in our sample was 0.78 AE 0.13.
When we modeled linkage without including any covariates, we obtained Àlog 10 P values of 4.37 and 3.93 for the original Haseman-Elston method (Fig. 2) and W4 with BLUP means, respectively, on chromosome 3. The chromosome 3 peak was also suggestive of significance (Àlog 10 P value ¼ 4.08) when using W4 regression with BLUP means and including as covariates date of birth, using the sibpair sum and the difference, and the sibpair difference in global ancestry (Supplementary Fig. S2 ). The other peak we identified using SIBPAL was on chromosome 16. This peak was less consistent across the many models we examined and reached Àlog 10 P value of 3.99 at 83.5 cM when date of birth, the sibpair sum and difference, and the sibpair difference in global ancestry were included in the regression model as covariates (Supplementary Fig. S3 ). Table 1 shows the estimates of mean allele sharing for siblings at the chromosome 3 and 16 peaks that were statistically significant in SIBPAL. The most significant marker on chromosome 3q displayed excess allele sharing in concordantly affected and concordantly unaffected siblings, and less than expected allele sharing in discordant pairs, providing evidence for linkage. The chromosome 16 peak showed a pattern of less than expected allele sharing in both concordantly affected sibling pairs and discordantly affected sibling pairs, which represents conflicting evidence for linkage.
RELPAL estimates for a region on chromosome 12 (109.9 cM) achieved a maximum Àlog 10 P value of 4.29 (Fig. 3) . The region on chromosome 12 reached 4 for IBD variance and alternative variance methods only; the robust sandwich variance estimate here reached Àlog 10 P value ¼ 3.12.
With regard to concordance of SIBPAL and RELPAL results at the chromosome 3 and 12 peaks, the strongest signal we observed on chromosome 12 using SIBPAL (at the strongest RELPAL peak) was Àlog 10 P value ¼ 2.09. The chromosome 3 peak identified as suggestive for linkage in SIBPAL analyses did not reach our threshold for suggestive significance in RELPAL (all Àlog 10 P values < 1.47).
Interestingly, our analyses were suggestive of linkage to chromosome 17 when covariates (DOB and global ancestry) were included in the model using both sibling-based and affected relative pair-based analyses; original SIBPAL Haseman-Elston estimates ranged from 3.10 to 3.16, and RELPAL ranged from 1.38 to 3.24 ( Supplementary Fig. S4 ).
Discussion
We examined what genes are located under the peaks, considering boundaries where Àlog 10 P values were above 3.0 (approximately equivalent to a 1 LOD drop): chromosome 3 (194.6-200.7 cM), chromosome 12 (107.2-117.8 cM), and chromosome 16 (79.6-87.1 cM). Here, we converted genetic position to physical position using Ensembl release 75, which imports SNP information from release 138 of dbSNP. Using these base pair regions, we identified genes under each linkage peak from hg38 refGene via the UCSC Genome Browser. The chromosome 3q and 12q peaks do not include genes directly implicated in common cancer phenotypes to date; however, SOX2 on 3q codes for a transcription factor involved in embryonic development. Under our chromosome 16q peak lies CDH1 that codes for Ecadherin, a calcium-dependent adhesion molecule that regulates differentiation, invasion, and metastasis. CDH1 was identified as associated with familial gastric cancer via linkage studies (36, 37) . This gene is also associated with familial breast (38) and prostate cancer (39) . CDH1 is recognized as a high-risk breast cancer gene due to its high penetrance and lifetime risk for mutation carriers, in the range of 40% to 50% (40) . In our sample of 106 families, 10% reported a family history of gastric/stomach cancer and 3% reported a family history of esophageal cancer, suggesting that our sample is segregating a similar hereditary gastric-breast cancer syndrome.
We examined whether published breast cancer GWAS have revealed any common variants that lie under or near our linkage peaks. The Framingham breast cancer GWAS study identified a hit (rs10513754) on chromosome 3 located in the LINC00578 gene that codes for a non-protein-coding RNA; however, this SNP did not reach genome-wide significance (8) . A recent breast cancer GWAS study in African American unrelateds reported association with rs13074711 on 3q26.31, nearby to TNFSF10 (24), which is near our identified 1 LOD-drop equivalent on 3q26-27. TNFSF10 codes for a cytokine that is a member of the tumor necrosis factor ligand family, and is implicated in apoptosis. Kim and colleagues reported a marginally significant association with 3q26.32 rs3806685 in a Korean study (14) .
Similarly, Antoniou and colleagues reported associations of breast cancer with polymorphisms on 12q24 (rs1292011) for BRCA1 and/or BRCA2 mutation carriers (20) , which is near the region we identified on 12q22-23. This potential overlap on chromosome 12, in conjunction with our suggestive findings of unidentified BRCA1 mutations in our sample, indicates that these two regions deserve further joint consideration in the family-based context. Investigators recently analyzed whether two GWAS hits on Haseman-Elston regression with W4 regression (dependent variable is a weighted combination of sibpair mean-corrected squared trait sum and sibpair squared trait difference), and adjusting for date of birth (pairwise sum and absolute difference) and African ancestry proportion (pairwise absolute difference).
c Original Haseman-Elston regression (dependent variable is sibpair squared trait difference), and adjusted for date of birth (pairwise sum and absolute difference) and African ancestry proportion (pairwise absolute difference).
Figure 3.
Model-free multipoint linkage by RELPAL using all affected relative pairs and the IBD variance, adjusting for date of birth and global ancestry at the individual level. P values evaluated on the basis of up to 1,000,000 permutations. (22) . For both of these SNPs, the genetic associations originally identified in the samples of European ancestry were attenuated in the African American analyses. Collectively, these findings may suggest that rare variants, possibly in combination with other rare variants, may be driving our linkage peak. Although we excluded African American women who were tested and positive for BRCA1 mutations, we cannot rule out that there are other BRCA1 mutations segregating in our sample. Nonetheless, this suggestive finding gives us some confidence that the other linkage signals we identified where we adjusted for covariates are less likely to be false positives.
In our sample of families, we were able to adjudicate 72% (141 of 197) of the medical records; the reason for missing clinical information was largely due to time limits for facilities in maintaining records. The mean age at diagnosis in our cases included in the linkage study is 51.6 (SD ¼ 12.0). Among the women for whom we obtained medical records, 31% were estrogen receptor (ER) negative, 50% were progesterone receptor (PR) negative, and 72% were HER2/neu negative. Taking all three into account resulted in 16% of our sample being triple negative; this approximates the proportion of invasive breast cancers in the United States that are triple negative. Interestingly, in our sample of 106 families, only three pedigrees showed full concordance of triple-negative status. Further family-based recruitment studies along with full adjudication of tumor phenotype will allow for investigation of differences in linkage signals when taking into account tumor heterogeneity. It is important to note that linkage signals may result from causal alleles up to as far away as five megabases on each side of the peak; therefore, we cannot rule out that our signal indicates the presence of causal variants, but not under a 1-LOD drop of the peaks we identified. We also note that there are other candidates on chromosome 17 where BRCA1 is located, and this includes HOXB13 (43, 44) . This chromosome 17 region deserves additional follow-up to refine our signal.
One limitation of our study is sample size. Future studies developed like ours in partnership with community groups and existing epidemiologic studies with a well-considered recruitment protocol should be conducted to increase the availability of family samples for study. This will not only allow for further refinement and perhaps the identification of novel linkage peaks, but also for replication of GWAS to determine to what degree the common GWAS-identified polymorphisms also contribute to familial breast cancer, defined here loosely, as our study is largely limited to families with two affected women.
Because our study was not able to consider genetic heterogeneity due to the limited sample size, larger family-based linkage studies in African Americans should be conducted with the application of more recent developments in linkage methods for complex disease to overcome issues related to disease heterogeneity (45, 46) , locus heterogeneity, and incomplete penetrance, which can decrease power to detect linkage. Additional familybased recruitment and linkage analyses in a sample with more homogeneous subsets of families will increase the ability to detect linkage. Furthermore, because the genetic architecture of breast cancer is in itself complicated by pleiotropy, allelic heterogeneity, and the polygenic nature of cancer, novel methods are needed to take into account the complexity and architecture of breast cancer in admixed samples. One breast cancer admixture study in African Americans produced no specific regions associated with breast cancer; however, there were differences in global ancestry according to ER and PR status and stage of disease (47) .
In conclusion, our study is the first to localize novel breast cancer susceptibility loci in pedigrees of African ancestry. We identified three linkage peaks at two regions on chromosomes 3 and 16 and one region on chromosome 12. The new peaks, which may harbor susceptibility loci unique to African Americans, represent loci that deserve additional scrutiny. On the basis of the overlap we report herein of our putative linkage peaks and GWAS findings, our data support the need to appreciate family-based designs and the linkage approach for complex disease mapping of both rare and common variants. Overall, these preliminary data suggest that there are novel putative regions harboring risk alleles for breast cancer in African American families that deserve further study in larger samples.
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